Background Therapeutic treatments for schizophrenia do not alleviate symptoms for all patients and effi cacy is limited by common, often severe, side-eff ects. Genetic studies of disease can identify novel drug targets, and drugs for which the mechanism has direct genetic support have increased likelihood of clinical success. Large-scale genetic studies of schizophrenia have increased the number of genes and gene sets associated with risk. We aimed to examine the overlap between schizophrenia risk loci and gene targets of a comprehensive set of medications to potentially inform and improve treatment of schizophrenia.
Introduction
Schizophrenia is a debilitating disease aff ecting 0·7% of the population worldwide. 1 Although antipsychotics are eff ective treatments for schizophrenia, they do not alleviate all symptoms and often result in serious side-eff ects, 2 reducing effi cacy through poor adherence. 3 In general, the reasons antipsychotic medications are ineff ective for some patients remain unclear. Genetic studies of schizophrenia have implicated genomic regions and genes with shared biological function. A genome-wide association study (GWAS) of 34 241 schizophrenia cases and 45 604 controls (36 989 cases and 113 075 controls with replication) identifi ed 108 independently associated regions. 4 An exome-sequencing study of 2536 schizophrenia cases and 2543 controls demonstrated a polygenic burden of rare variants (disruptive variants seen once in 10 158 chromosomes) in sets of genes related to synaptic transmission, calcium channels, and genes with de-novo mutations in schizo phrenia probands. 5 A challenge is how to use genomic data to understand drug effi cacy, improve drug design, and identify opportunities for drug repurposing. Genetic studies have identifi ed drug targets; for example two genes associated with LDL cholesterol, HMGCR 6 and NPC1L1, 7 are the main targets of the cholesterol-lowering drugs HMG-CoA reductase inhibitors (HMGCR) and ezetimibe (NPC1L1). 8 DRD2, the main target of antipsychotics, is within one of the 108 associated regions reported in schizophrenia. 4 Rare disease variation can also predict drug eff ects; a novel obesity drug that inhibits DGAT1 (a gene implicated in a form of severe congenital diarrhoea 9 ) had treatment- limiting, dose-dependent gastrointestinal side-eff ects, in particular diarrhoea. 10 Findings from a recent study 11 showed that drugs with genetically supported mechanisms proceeded further along the development pipeline and were more likely to be clinically successful. 11 Taken together, these fi ndings suggest that direct assessment of the overlap between genetics and drug targets has the potential to inform our knowledge of both drug mechanisms and disease pathology. A third of patients with schizophrenia do not respond to standard treatments, 12 and three-quarters discontinue treatment within 18 months because of ineff ectiveness or side-eff ects. 13 Pharmacogenetic studies have yielded few reproducible fi ndings, probably because of the limited availability of large samples with both treatment response and genetic data. Common variants in DRD2 and genes that metabolise antipsychotics such as CYP2D6 have been variably associated with effi cacy of several antipsychotics.
14 By contrast, pharmacogenetic studies in cancer have identifi ed target-associated resistance for several therapies, often the result of rare functional mutations within gene targets of the chemotherapeutic agent. 15 These results suggest that rare functional variants have a pharmacodynamic role in treatment response. Use of genetic data to identify the appropriate treatment for each patient could greatly improve effi cacy and reduce time and morbidity during failed treatment periods.
Here, we aimed to intersect schizophrenia risk loci and gene targets of therapeutic agents to inform and potentially improve treatment of schizophrenia.
Methods

Study design and participants
In this analysis we tested schizophrenia risk loci from both common and rare variation for enrichment in gene targets of therapeutic agents to identify medications that were enriched for targeting these loci. Additionally, we linked the rare variation data with a national drug registry to assess the contribution of rare variants to treatment response. We identifi ed rare variants from an exomesequencing sample of schizophrenia cases and controls (Swedish Schizophrenia Study). Cases were selected from the Swedish Hospital Discharge Register, requiring at least two discharge diagnoses of schizophrenia. 16 Controls were randomly selected from Swedish population registers, requiring no discharge diagnoses of schizophrenia or bipolar disorder. Diagnostic validity has been reported in previous publications 4, 16, 17 and is supported by clinical, epidemio logical, and genetic evidence. Samples were sequenced using either the SureSelect Human All Exon Kit (29 
Research in context
Evidence before this study Studies have shown a broad overlap between genes contributing to genetic risk of disease and the key targets of drugs that treat the disease. For example, the main gene targets of the cholesterol-lowering drugs statins and ezetimibe have been associated with cholesterol concentrations through genome-wide association studies. Further, drugs with direct genetic evidence supporting their targets are more likely to be clinically successful. There are also examples demonstrating consistent phenotypic outcomes from a drug targeting a gene and a specifi c variant within that gene. We sought articles related to schizophrenia that addressed whether plausible pharmacological interventions can be found in the overlap between disease risk-associated genes and known druggable targets, and whether deleterious mutations in genes targeted by a treatment can aff ect response to that treatment. We searched PubMed multiple times between June 1, 2013, and Aug 31, 2015, using combinations of search terms including "schizophrenia", "antipsychotics", "pharmacogenetics", "genetics", and "drug response". Abstracts in English were reviewed and limited evidence for specifi c genes was found. A review article gave the strongest support to a few genes, including DRD2, which encodes the main target of all antipsychotics.
Added value of this study
Our systematic evaluation using all available data and information on genome-wide genetic risk factors and druggable targets identifi ed antipsychotics as the class of drugs with most direct genetic support for treating schizophrenia. We show that effi cacy of these drugs is mediated through a complex polygenic mechanism including many genes not previously known to be involved in antipsychotic drug response or believed to contribute only to off -target eff ects. Additionally, we show that rare deleterious variants in genes targeted by antipsychotics and those previously implicated in being relevant to the pharmacogenetics of antipsychotics are enriched in individuals with treatment-resistant schizophrenia.
Implications of all the available evidence Our analysis identifi ed both known and novel genes likely facilitating antipsychotic effi cacy. This approach and these fi ndings can be used to identify novel drugs with target profi les more directly supported by the genetics, or novel pharmacogenes for guiding individualised therapy in schizophrenia. The fi nding that treatment-resistant individuals are more likely to carry deleterious mutations in antipsychotic targets or key pharmacogenetic genes suggests a method for identifying patients whose clinical outcomes could be improved through earlier administration of clozapine.
USA). Additional details of sample and sequencing have been previously reported. 5 There are no formal diagnostic criteria for treatmentresistant schizophrenia. Research studies have defi ned it empirically as more than one antipsychotic trial at a particular dose and duration without improvement in symptoms; generally, two failed trials, with doses of 400-1000 chlorpromazine equivalent mg daily, for a duration of 4-6 weeks, with less than 20% improvement in the Positive and Negative Symptom Scale. 18 In large population-based genetic studies of schizophrenia, ascertainment of such high-dimensional clinical data has proven diffi cult. Despite its proven effi cacy, 19 clozapine is usually reserved as a second-line or thirdline therapy in schizophrenia because of side-eff ects. However, it is the only approved medication for treatment-resistant schizophrenia and as a result, a history of having been prescribed clozapine has been used as a proxy for treatment resistance.
All individuals provided written informed consent; institutional human subject committees at the Karolinska Institutet and the University of North Carolina at Chapel Hill approved the research.
Data sources
The Swedish Prescribed Drug Register 20 contains data on all redeemed prescriptions from Jan 7, 2005, to Dec 31, 2012. For each individual, the following information was available: dates for fi rst and last antipsychotic pre scriptions, dates for fi rst and last clozapine prescriptions, total number of antipsychotic pre scriptions, total number of clozapine prescriptions, and the number of unique antipsychotics prescribed. We classifi ed any individual that had been prescribed clozapine at least once as treatment resistant.
The Swedish Schizo phrenia Study contains data for 5001 schizophrenia cases and 6243 controls. In this analysis, we included 2543 controls with exomesequencing data available. We included 4932 individuals with schizophrenia who were in the Swedish Prescribed Drug Register, of whom 2533 had exome-sequencing data available (fi gure 1).
Of the 4932 individuals in the medication register, clozapine was prescribed and dispensed one or more times for 1078 individuals. 829 (77%) received clozapine as their fi rst prescription in the register, implying that any initial antipsychotic treatments occurred before the beginning of register (Jan 7, 2005). Because our goal was to assess the prescription patterns leading to clozapine initiation, these individuals off ered no information and were removed. 58 of the remaining 249 patients were on a non-clozapine antipsychotic at the end of the register. In these cases we cannot tell from the available data the temporal relationship of the other antipsychotics to clozapine initiation, so we removed these individuals from analysis of prescription patterns. The remaining 191 individuals could be used for an assessment of prescribing patterns before clozapine (fi gure 1). This subset of 191 cases received a mean of 3·13 (SD 1·73) unique antipsychotic prescriptions (not including clozapine) compared with 2·09 (1·50) for the 3854 patients with schizophrenia who were never prescribed clozapine, and the mean amount of time before the fi rst clozapine prescription was 1126 days (SD 824 days). In our analysis of treatment resistance, we included 531 patients who had been prescribed clozapine at least once (not restricting to the subset of 191 patients where clozapine was initiated during the registry) and who had exome-sequencing data available. We also stratifi ed cases into a more stringent class of treatment resistance, defi ned as having been prescribed clozapine and two or more additional antipsychotics (n=324 cases with exome sequencing). Drugs were classifi ed according to the third level of the Anatomical Therapeutic Chemical classifi cation system, a hier archical classifi cation system from anatomical group (level 1) to chemical substance (level 5). Level 3 represents the pharmacological subgroup (eg, antipsychotics) and contains 243 drug classes.
We used two databases to link drugs to gene targets (proteins). DrugBank version 4.1 21 is a widely used, publicly available catalogue of drug targets manually curated from the literature where each drug-protein target pair is referenced on average four times; Similarity Ensemble Approach (SEA) 22 is an in-silico drug target prediction method using ligand similarity. Ligand-to-target training information for SEA was pulled from ChEMBL-14, a curated chemical database of more than 1·5 million compounds and 13·5 million activities. Although DrugBank represents the space of experimentally observed drug targets, SEA surveys the larger landscape of possible drug-to-target connections using chemical structure. By comparing the 603 drugs to all structural features in known reference ligands, and to random expectation, 22, 23 SEA assessed signifi cance for all 1·6 million possible drug-target pairs retaining the 19 327 most signifi cant drug-target predictions (1·2%), for which similarity was unlikely by random chance alone. Individually, DrugBank contains a unique set of 1048 drugs, 878 protein targets, and 4592 drug-target pairs; SEA consists of 603 drugs, 1440 protein targets, and 19 327 predicted drug-target pairs. We combined the databases, removing duplicates resulting in 1267 drugs, 1820 protein targets, and 23 383 drug-target pairs.
For each of the 243 classes of drugs, we created one set of all targets from both databases (requiring that the gene that codes for the target protein be one of 23 085 RefSeq genes). Of the 243 drug classes, 174 had at least one drug target. PharmGKB 24 is a database of pharmacogenetic information including genetic variants and their association with drug response. We extracted all references to any of the 64 antipsychotics from the Anatomical Therapeutic Chemical classifi cation system. We identifi ed 294 entries of genetic variants being associated with effi cacy of an antipsychotic for 13 unique drugs and 91 unique genes.
Other genes will contribute to treatment response, for example cytochrome P450 (CYP) genes explain a large proportion of the known metabolic eff ects on effi cacy of a broad range of drugs. 25 Thus, we compiled the family of 65 cytochrome P450 genes (CYP) and a subset of 12 that account for nearly 75% of all phase I drug oxidation reactions (CYP-12). 26 Additionally, we compiled a set of 32 core genes related to drug absorption, distribution, metabolism, and excretion (ADME core) and the full list of 298 genes including the extended ADME set. In total, we defi ned fi ve pharmacogenetic gene sets to be tested.
Statistical analysis
We used two enrichment testing methods. To test for an excess of rare genetic case variants we used the statistic/ matrix/permutation test, 5 in which gene sets were evaluated on the empirical distribution of the sum of individual gene burden statistics. P values were corrected for exome-wide burden. Individuals were matched based on ancestry, sex, and experimental batch; permutation was done within clusters of matched individuals. To test for enrichment in genome-wide signifi cant schizophrenia regions 4 , we used Inrich. 27 Inrich performs gene set analysis by comparing the number of genes within associated regions to the For ADME core see http://pharmaadme.org/ Figure 2 : Construction of the analysis pipeline ATC=Anatomical Therapeutic Chemical. SEA=Similarity Ensemble Approach. GWAS=genome-wide association study. We applied an empirical multiple test correction procedure, randomly assigning genes from the list of 23 085 RefSeq genes to each drug class preserving the same number of genes. We performed 100 000 permutations testing the rare and common variation separately and then combined p-values using Fisher's method. For each class, we counted the number of times the observed p-value was equal to or greater than the most signifi cant permuted p-value across all classes. Empirical correction was performed over all 167 pharmacological gene sets having at least one rare variant and two drug targets.
For testing enrichment of rare variants in treatmentresistant cases, phenotypes were permuted 10 000 times and permutation-based gene burden statistics were combined. Corrected p values were calculated empirically across the fi ve pharmacogenetic gene sets and targets of antipsychotics. The same approach was employed to test gene sets previously implicated in schizophrenia through rare variation for a role in treatment response.
Role of the funding source
The funders had no role in study design, execution, analysis, or manuscript preparation. The corresponding author had access to all the data in the study and had responsibility for the fi nal decision to submit for publication.
Results
We tested for enrichment of schizophrenia risk loci within sets of genes coding for the proteins targeted by drugs within each of 167 pharmacological subgroups defi ned by the Anatomical Therapeutic Chemical classifi cation system (fi gure 2). Enrichment of rare deleterious variants in the 167 gene sets was tested in an exome-sequenced sample of 2536 schizophrenia cases and 2543 controls. 5 Previous analysis of these data demonstrated that rare variants found only once in the study and predicted to be disruptive of gene function (so-called singleton disruptives) contributed most to schizophrenia risk. 5 Thus, we specifi cally focused on this rarest and most functionally deleterious class of variation. In total, 10 (6%) of 167 gene sets were enriched with rare variants in schizophrenia cases (p<0·05), with the strongest fi nding in the 347 genes targeted by antipsychotics (122 case mutations, 90 control mutations, p=0·0056, odds ratio 1·36 (1·03-1·84).
Next, we tested common variants using the 108 genomewide signifi cant loci 4 and found that 35 (21%) of the 167 gene sets were enriched for genes within schizophrenia associated loci (p<0·05). Several of the genes within the GWAS regions associated with schizophrenia are common drug targets for many drug classes and probably contribute to this enrichment, including DRD2 which is a target for at least one drug in 46 diff erent non-antipsychotic pharmacological subgroups.
Two gene sets were associated with schizophrenia risk after an empirical multiple test correction on the combined results: agents against amoebiasis and other protozoal diseases (106 genes, p=0·00046, p corrected =0·024), followed by antipsychotics (347 genes, p=0·00078, p corrected =0·046). These were the only gene sets showing an association with schizophrenia risk for both rare and common variation (appendix). 56 genes were in both sets, representing 53% (56/106) of genes from the agents against amoebiasis and other protozoal diseases gene set and 16% (56/347) of genes from the antipsychotics gene set. The antipsychotics set still showed an association after removal of the 56 overlapping genes (antipsychotics, p=0·041; agents against amoebiasis and other protozoal diseases, p=0·63; appendix). Enrichment of rare variants persisted after removal of the 11 genes found in GWAS loci (p=0·024). Further, enrichment persisted within the 49% (170/347) of genes highly expressed in the brain (p=0·00006). 5, 28 Of the 11 genes in GWAS loci, fi ve had singleton disruptive mutations in cases only (number of cases shown in parentheses): CACNA1C (2), CYP2D6 (2), GRIN2A (2), AKT3 (1), and HCN1 (1; appendix).
To test the contribution of targets of antipsychotics to enrichment for schizophrenia risk, we used drug target information from two sources: a database representing the wealth of all publicly known and literature referenced drug-target pairs (DrugBank) and a set of predicted targets (SEA) representing a broader pharmacological group of drug-target connections. 386 drugs, representing 37% of the referenced set and 64% of the predicted set were shared. On average, the referenced set had 4·4 gene targets per drug and the predicted set had 32. Of the 64 drugs listed as antipsychotics in level 3 of the Anatomical Therapeutic Chemical classifi cation system (appendix), 40 had at least one target. We identifi ed enrichment for schizophrenia risk in both the set of predicted targets (313 genes, p=0·00071) and the set of referenced targets (70 genes, p=0·0078). After removing all referenced gene targets, enrichment remained in the genes that were novel predicted targets of antipsychotics (277 genes, p=0·0189; table).
We next examined the role of rare disruptive mutations in treatment resistance in schizophrenia. Of the 2536 schizophrenia cases in our sample that were exome sequenced, all but three had clozapine prescription information (fi gure 1): 531 had been prescribed clozapine ("clozapine group") and 2002 had not ("no-clozapine group"). The 347 gene targets of antipsychotics were enriched for singleton disruptive mutations in the clozapine group compared with the no-clozapine group. This enrichment remained after empirical multiple test correction for the six total tests including the fi ve pharmacogenetic sets tested (37 clozapine, 85 no-clozapine, p=0·0067, p corrected =0·044). In total, 6·4% of the clozapine group carried a variant in these genes compared to 4·2% of the no-clozapine group (fi gure 3).
Genes implicated in antipsychotic effi cacy by PharmGKB and genes with known roles in ADME including a set of cytochrome P450 (CYP) genes were also tested.
Enrichment was observed (fi gure 4, appendix) in the set of PharmGKB genes (91 genes, 14 clozapine, 21 no-clozapine, p=0·0029, p corrected =0·018) but not in the ADME or CYP sets (fi gure 4, appendix) and no burden of rare singleton disruptive mutations existed exome-wide (p=0·28).
Among the 324 individuals who had been prescribed clozapine and two or more other antipsychotics, 26 (8%) had at least one singleton disruptive mutation in an antipsychotic gene target (fi gure 3) compared with 85 in the no-clozapine group (4%, p=0·0018). The PharmGKB sets showed similar increased burden of singleton disruptive mutations in these cases (data not shown).
To identify genes with a role in both schizophrenia risk and treatment resistance, we tested for association to treatment response in gene sets that were previously enriched for schizophrenia singleton disruptive mutations. 5 These sets included genes with either a disruptive, non-synonymous, or copy-number de-novo mutation, post-synaptic density genes (including activityregulated cytoskeleton-associated scaff old protein [ARC], 
Discussion
In this analysis, we leveraged genetic fi ndings in schizophrenia from large studies of both common and rare variation to ask which drugs are targeting proteins encoded by genes having the most genetic evidence for a role in schizophrenia. Among 167 drug sets, only two were enriched for both genes within GWAS regions associated with schizophrenia and case singleton disruptive mutations, and after removing overlapping targets only the class of antipsychotics retained an association. This result supports the hypothesis that the pathogenesis of schizophrenia and the mechanism of action of antipsychotics overlap. Crucially, this overlap is not solely through dopamine or serotonin receptors and no particular gene or even the set of all currently known antipsychotic targets fully accounts for the enrichment. This fi nding suggests that, similar to genetic risk, the underlying mechanisms that prove useful in treating schizophrenia are probably polygenic and modulated at least partly through unknown pathways. A corollary of this fi nding is that it could be hard for a single target to provide the perfect therapeutic.
Of the 347 gene targets of antipsychotics, only a subset is probably relevant to effi cacy. Our results point to perhaps dozens of new targets contributing to treatment effi cacy, including four predicted genes (CACNA1C, GRIN2A, AKT3, HCN1) that were identifi ed as associated with schizophrenia through GWAS and carry only case singleton disruptive mutations representing putative novel moderators of the mode of action of these drugs. These results, together with research into identifying the genes relevant to effi cacy or contributing to adverse eff ects, should inform future drug design and repurposing.
Clozapine is the most eff ective treatment for refractory schizophrenia. Individuals with treatment-resistant schizophrenia have more symptoms, are burdened with a higher prevalence of substance abuse, and have a lower quality of life. 30 Early identifi cation of treatment-resistant patients who would be candidates to receive clozapine sooner could have a meaningful impact. In this study, we have identifi ed an enrichment of rare mutations in gene targets of antipsychotics and previously implicated pharmacogenetic genes in treatment-resistant patients, pointing to a method of identifying patients who might be candidates for earlier treatment with clozapine. Prospective trials are warranted to investigate this further. Of all the gene sets tested, including those previously implicated in schizophrenia risk and treatment effi cacy, only the set of genes targeted by antipsychotics showed signifi cant enrichment in both disease risk and treatment response.
The drug class of agents against amoebiasis and other protozoal diseases showed an association with schizophrenia that was no longer observed after removal of the overlap of genes with antipsychotics, which does not preclude relevance to schizophrenia. There have been links between the presence of protozoal antibodies and disease status. 31 Alternatively, this overlap might account for the antiprotozoal properties of antipsychotics, indicating that antipsychotics might be candidate antiprotozoal drugs rather than that antiprotozoal drugs are potential antipsychotics. 32, 33 As genetic studies have become well powered, loci from these studies are being used to develop therapeutic targets (eg, imatinib for cancer). However, the advent of currently available antipsychotics long preceded genetic fi ndings, meaning the drug-target data and genetic fi ndings are orthogonal pieces of information and unlikely subject to the same biases. Limitations of our study include the fact that drug target and chemical structure data are incomplete and false-positive predictions remain, which could be inducing unknown biases and eff ects on power. The lack of additional clinical information limits our ability to further characterise treatment-resistant individuals with rare mutations. Although clozapine prescription is only a proxy for treatment resistance, we have used the prescription register to show that clozapine in this sample was reserved mainly for refractory illness; the average number of antipsychotics prescribed (3·13 non-clozapine antipsychotics) and amount of time before the fi rst clozapine prescription (1126 days) suggests that clozapine prescription practices in our cohort met criteria for treatment-resistant schizophrenia. Although more stringent methods for defi ning treatment resistance exist, none allow for investigation of a large sample with available GWAS and exome-sequence data. Nonetheless, when we used a more standard defi nition (two or more antipsychotics and clozapine), we demonstrated an even larger burden of rare mutations, consistent with this sample representing a more severe group of treatmentresistant patients.
This work demonstrates the potential of using genomic fi ndings of schizophrenia to inform and ultimately improve treatment through identifying more eff ective drug target profi les or classifying individuals as to whether they will respond to particular therapies.
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